Abstract-A feedforward pilot-symbols-aided carrier-phase recovery scheme is described. The approach relies on pilot symbols that are time-division multiplexed with the transmitted data. In the scheme, an initial coarse estimation of the optical carrier phase, exploiting the knowledge of pilot symbols, is followed by a fine nondata-aided, or blind, estimation. The main advantage of the proposed solution is that of avoiding the phaseambiguity problem after a cycle slip. The overhead and the impact on the performance of pilot symbols are investigated for long-haul transmission of 100-Gb/s polarization-multiplexed quadrature phase-shift keying wavelength-division-multiplexing signals in different scenarios. For homogeneous transmission, the proposed scheme outperforms blind carrier recovery with differential decoding.
I. INTRODUCTION
T HE Investigation of advanced modulation schemes and forward error correcting (FEC) codes which better suit the characteristics of the optical channel, together with coherent digital signal processing (DSP) at the receiver, is a key issue to enable long-haul transmission at high bit-rates [1] . Due to implementation constraints, DSP operations in real time demonstrators of coherent receivers are based on non-data aided, or blind, feed-forward equalization and synchronization algorithms [2] . One of the most critical aspects in the design of such receivers is represented by the low tolerance of highorder modulations to carrier phase noise [3] .
Several feed-forward blind carrier phase recovery schemes for quadrature amplitude modulation (QAM) constellations with M points have been proposed for efficient hardware implementation. The most widespread approaches are derived from modifications of the M-power synchronizer (see e.g. Ref. [4] and references therein). The performance of feedforward blind algorithms is susceptible to phase errors that are inherent in the carrier phase estimation process [5] . The dominant source of performance degradation is represented by cycle slips. The use of differential encoding, introduced at the transmitter to combat the phase ambiguity problem, gives a penalty in the receiver performance that becomes more evident for coded transmission [6] . An approach based on a periodic insertion of time-division multiplexed symbols is here proposed to avoid differential decoding. A crucial issue is the choice of the rate at which pilot symbols are multiplexed with the information data sequence, which depends on the linewidth of the received carrier and on the signal-to-noise ratio (SNR) [7] . The impact of the pilot-rate is investigated by using experimental data for a long-haul 100 Gb/s polarization-multiplexed (PM) quadrature phase shift keying (QPSK) wavelength-division multiplexing (WDM) signal in different transmission scenarios.
II. EXPERIMENTAL SETUP
The experimental setup used for signal generation is shown in Fig. 1(a) . A distributed-feedback laser at 1545 nm with a linewidth of f = 1 MHz was modulated using an integrated dual-polarization nested Mach-Zehnder modulator to generate a 100 Gb/s PM-QPSK signal. Two WDM transmission configurations were tested; in the hybrid transmitter configuration the test channel is wavelength multiplexed with 79 non-return-tozero (NRZ) channels modulated at 10 Gb/s spaced at 50 GHz; in the homogeneous transmitter configuration the test channel is multiplexed with 79 PM-QPSK 100 Gb/s channels spaced at 50 GHz. The signal was then launched into the recirculating loop depicted in Fig. 1(b) . Two different link scenarios were investigated; in the first the loop span is 3×100 km of compensated standard single mode fiber (SSMF); in the second the loop span is 4 ×75 km of compensated nonzero dispersion shifted fiber (NZDSF). The loop included a dual-stage erbium doped fiber amplifier (EDFA) per span, a polarization scrambler, and a wavelength selective switch (WSS) filter for power equalization. A dispersion compensation fiber (DCF) was used between the two-stage EDFA, according to a dispersion map for typical terrestrial systems [8] . The power at the EDFA output was optimized for maximum reach, i.e., for optimal balance of amplified spontaneous emission noise and fiber nonlinearities [9] . The maximum reach at bit error rate (BER) target lower than 2·10 −2 for each scenario is reported in Table I . A target input BER in the order of 10 −2 is usually considered for soft-decision decoding [6] .
At the receiver, the signal was selected by an optical filter, passed through a polarization beam splitter and then combined with the local oscillator via two optical 90 degree hybrids to select the in-phase and quadrature components of the two polarizations. The local oscillator laser was of the same type as that used at the transmitter. After conversion into the electrical domain, the signal was digitized at 50 GSa/s using a real-time sampling scope with a bandwidth of 16 GHz. The sampled waveforms were then processed offline in a conventional PC. The receiver DSP is as described in [10] .
III. PILOT-SYMBOLS AIDED CARRIER PHASE RECOVERY
As shown in [9] , for the experiments considered in Sec. II the k-th sample of the discrete time received signal at the input of the carrier phase recovery circuit can be modeled as
where {a k } is the unitary average power symbol sequence, including payload and pilot symbols and {n k } is a zero mean complex additive white Gaussian noise (AWGN) sequence with variance SNR −1 . The unknown time-varying phase-noise sequence {θ k } of the incoming carrier is a Wiener process defined by the value of linewidth times symbol duration f ·T (we follow the same characterization of [3] of the phase-noise model). Blind carrier frequency estimation according to [11] is implemented to remove any residual frequency offset in (1) . Let the pilot-rate be M −1 , meaning that one pilot symbol is periodically inserted after M − 1 payload symbols. Without losing generality, we assume that the i -th pilot symbol occurs at the discrete time instant iM, hence the pilot sequence is a zero-padded sequence given by
Time synchronization of pilot symbols is obtained by correlating the received sequence with the pilot sequence. The block diagram of the proposed phase synchronization system is shown in Fig. 2 . A coarse phase tracking based on pilot symbols is done in the first stage. The received sequence in (1) is multiplied with the complex conjugate of the zero-padded pilot sequence and the resulting sequence is filtered by an interpolation filter that is optimized as described in [7] . The phase correction is generated by taking the argument of the samples at the output of the interpolation filter. Blind phase estimation based on the approximated maximum likelihood (ML) algorithm of [3] with 16 test carrier phases then follows to correct the residual phase offset. A major difference occurs between our implementation and that of [3] and, in general, of other blind algorithms. Since the pilot-symbols aided phase estimator relies on an absolute reference of phase provided by pilot symbols, the correction it provides does not suffer of any phase ambiguity. This means that the sequence at the input of the second stage approximated ML estimator is assumed to be subject only to a small phase offset and the phase estimate it produces is limited to the range [−π/4, π/4). Therefore, no unwrapping is required and no cycle slips are introduced.
IV. EXPERIMENTAL RESULTS
All the presented numerical results are based on offline processing of five runs of 1.2·10 6 signal samples taken on each of the four streams. Considering that the symbol rate is 25 Gbaud, the total number of processed symbols on each stream is 3·10 6 . The Q-factor at maximum distance is evaluated both for the receiver based on approximated ML blind phase estimation and differential decoding and for the proposed pilot-symbols aided phase estimation algorithm and coherent detection. In order to maximize the Q-factor, the duration of the post-detection filters in both the phase estimators was optimized. The post detection filters are given by the cascade of two moving average (MA) filters with the same duration. At maximum reach the pilot-rate is varied and the impact on the Q-factor assessed. Results obtained in different transmission scenarios are shown in Table I . The difference of perfomance between homogeneous and hybrid transmission can be explained by observing that the homogeneous transmission cases are characterized by linewidth times symbol durations in the order of f ·T ≈ 4·10 −4 while for the hybrid cases higher values in the order of 10 −3 were found [9] . The duration of the MA post-detection filters in the blind approximated ML algorithm is 15 for the homogeneous cases and 7 for the hybrid cases. Due to the errors introduced by differential decoding, the Q-factor measured for pilot-symbols aided phase estimation with coherent demodulation is higher than that for blind phase estimation with differential decoding.
The results shown in Table I for pilot-symbols aided phase estimation do not yet include the penalties expected in SNR and in net coding gain (NCG) associated with the different pilot-rates. Assuming a fixed information bit-rate, the introduction of pilot-symbols reduces the overhead available for FEC which, in turn decreases the NCG. An FEC with a fixed overhead of 16%, code rate R = 0.86, is studied. This code rate, considered in [6] , allows both for concatenation with an outer code and for having room for a practical range of pilot-rates. Fig. 3 shows the NCG loss at output BER of 10 −13 for coherent detection versus the increase of pilot-rate, computed considering the SNR associated to the QPSK constrained capacity [6] . The Figure shows the NCG loss with respect to the pilot-rate expressed in terms of percentage of the bit-rate, for both hard and soft decision decoding. At the considered rate, soft decision decoding with infinite quantization provides an improvement up to 1.26 dB in NCG compared to hard decision decoding [6] .
Since pilot symbols do not carry information, the cost associated to them can be expressed directly in terms of SNR loss compared to the case where they are not introduced. The overall penalty, defined as the sum of the SNR and NCG losses, is summarized in Table II for three different pilotrate values. Taking into account the pilot symbols penalty on the measured Q-factor of Table I , the estimate of SNR penalty for pilot-symbols aided phase estimation at different pilot-rates with respect with coherent demodulation for the different scenarios is shown in Fig. 4 . The SNR loss of differential decoding with respect to coherent detection at the target BER of 2·10 −2 is 1.2 dB. For scenarios with limited phase noise, i.e. homogeneous transmission, the use of pilot symbols requires low insertion rate below 5%. For scenarios with strong phase noise, such as hybrid transmission, a higher pilot-rate is required and the performance is comparable to that of approximate ML blind phase estimation followed by differential decoding. Note that for hard decision decoding a target BER in the order of 10 −3 is usually considered, that corresponds to a higher SNR working point. Phase noise effects are less severe at higher SNR and a lower pilot rate is therefore required. However, also the penalty of differential decoding is reduced and the performance of the two carrier recovery schemes needs to be evaluated.
V. CONCLUSION
Pilot-symbols aided carrier phase estimation is proposed. Its performance is experimentally investigated in case of long-haul transmission of a 100 Gb/s PM-QPSK WDM signal in different propagation scenarios. We show that in case of homogeneous PM-QPSK transmission the proposed scheme outperforms blind phase estimation with differential decoding while in presence of highly nonlinear transmission, as for hybrid NRZ-PM-QPSK transmission, the performance is comparable. In practical cases the design of FECs with variable rate encoders is required to accommodate for different pilot-symbols rates.
